Objective-The current study aimed to identify how sex influences neurobiological responses to food cues, particularly those related to hedonic eating, and how this relates to obesity propensity, using functional magnetic resonance imaging (fMRI).
Introduction
Sex-based differences in eating behaviors are consistently observed. For example, studies suggest women are more likely to diet than men, express greater concern about weight control, report more frequent consumption of fruits and vegetables, and attribute greater importance to healthy eating [1] [2] [3] . Women also report more behaviors associated with eating disorders 4 , and have higher rates of obesity, particularly severe obesity 5 . Differences in eating behaviors and obesity rates between men and women involve a number of factors, such as gonadal hormones, social pressures and norms, and physical activity engagement 6 . These factors also interact with neuronal processes involved in eating behaviors.
Multiple brain regions and networks are involved in eating-related processes, including those involved in sensory perception (e.g., primary visual cortex, fusiform gyrus), reward and interoceptive processing (e.g., insula, nucleus accumbens, anterior cingulate cortex [ACC]), and cognitive control (e.g., dorsolateral prefrontal cortex [dlPFC] , parietal cortex) 7, 8 . Women consistently demonstrate greater response to visual food cues than men in a number of regions related to eating behaviors, including the insula 9 , ACC 10, 11 , dlPFC 12 , and fusiform gyrus 10, 12, 13 . Previous studies have found sex-based differences when comparing neuronal responses to visual cues of foods vs. non-food objects in normal-weight individuals in the fasted state (dlPFC, fusiform, parietal cortex: women > men [W>M]) 12 and across fasted and fed states (fusiform: W>M) 13 . Sex-based differences have also been observed in neuronal responses in normal-weight participants to high-calorie visual food cues (fusiform: fasted > fed in women only) 10 and to high-vs. low-calorie food cues in a hunger-neutral (1 hour post-prandial) state (insula, orbitofrontal cortex, middle/posterior cingulate gyrus: W>M) 9 . Similar sex-based differences to high-vs. low calorie food cues have also been observed in participants with obesity in fasted (fusiform, caudate nucleus: W>M; parietal cortex: M>W) 11 and fed states (ACC: W>M; fusiform: M>W) 11 .
Hedonic eating, or eating beyond homeostatic needs, may be particularly associated with obesity 14 . As such, the current study investigated sex-based differences in neuronal responses to hedonic foods. This was assessed in both fasted and fed states, using functional magnetic resonance imaging (fMRI). This study is the first to investigate whether sex-based differences in neuronal responses to food cues vary based on hedonic properties of foods, by comparing responses to foods with high vs. neutral hedonic value. This is also the first study to determine if sex-based differences in neuronal responses to food cues vary based on propensity to obesity, with the inclusion of both obesity-prone and obesity-resistant study groups. We hypothesized that women would show greater neuronal response to food cues than men, with obesity-prone women more responsive than obesity-resistant women.
Methods

Participant characteristics
Fifty-six adults 25-40 years old were included in the study, drawn from a larger study investigating effects of obesity-proneness on metabolism. Half the study participants were recruited as having a propensity to be resistant to weight-gain and obesity (OR; N=28) and half were recruited as being prone to weight gain and obesity (OP; N=28), as previously described [15] [16] [17] [18] [19] . Briefly, OR participants had a body mass index (BMI) between 17-25 kg/m 2 , responded to advertisements for "naturally thin people," and reported no first-degree relatives with obesity, never being overweight themselves, having weight stability despite few to no attempts to lose weight, and not having high levels of physical activity. OP participants had a BMI between 20-30 kg/m 2 , responded to advertisements for "people who struggle with their weight," and reported at least one first-degree relative with obesity, a history of weight fluctuations despite efforts to lose or maintain weight, but were not actively attempting to lose weight and were weight-stable for at least 3 months prior to participation. All participants were free of significant medical and psychiatric disease, including eating disorders, as assessed by medical history, physical examination, blood testing, and behavioral questionnaires (Eating Attitudes Test 20 ; Center for Epidemiologic Studies Depression Scale [CES-D] 21 ). All participants were right-handed, with no contraindications to MRI scanning, and reported being weight-stable +/− 5 lbs for the 3 months prior to the study. Data from three participants were excluded from analyses due to technical problems (N=2) or head movement >2 mm (N=1) during fMRI scanning. Final analyses included 25 women (11 OR, 14 OP) and 28 men (14 OR, 14 OP). Participants provided written informed consent and all procedures were in accordance with and approved by the Colorado Multiple Institutional Review Board.
Study design
As previously described 16, 18, 19 , body composition was assessed by dual-energy X-ray absorptiometry (DPX whole-body scanner, Lunar Radiation Corp.) and eating behaviors were assessed with the Three Factor Eating Questionnaire (TFEQ 22 ). One participant did not complete the TFEQ, resulting in a reduced sample size for the OR group for this measure (10 women, 14 men). Participants then completed a four-day eucaloric run-in diet (50% carbohydrate, 30% fat, 20% protein; estimation of energy needs made using lean body mass plus an activity factor 23 ) prior to fMRI scanning, to ensure energy and macronutrient balance. Food was prepared by the Clinical Translational Research Center (CTRC) metabolic kitchen at the University of Colorado Anschutz Medical Campus. Participants presented to the CTRC every morning during the diet period, then were weighed, ate breakfast, and were given the remainder of their daily meals. Participants were asked to maintain usual patterns of physical activity and not to consume alcoholic or caloriecontaining beverages. They were regularly questioned regarding activity and compliance. In women, study measures were performed in the follicular phase of their menstrual cycle.
On the study day, participants presented to the CTRC after an overnight fast of at least 10 hours. A visual analog scale (VAS) measured hunger ("how hungry are you?" from "not at all hungry" to "extremely hungry"), satiety ("how full do you feel right now?" from "not at all" to "extremely"), and prospective food consumption ("how much do you think you could eat right now?" from "nothing at all" to "a large amount"). Following this, participants were escorted to the Brain Imaging Center at the University of Colorado Anschutz Medical Campus. Following fasting fMRI measures (described below), participants consumed a liquid breakfast meal over 20 min, the caloric content of which was equal to 25% of the energy provided during run-in diet days, with identical macronutrient composition. Repeat fMRI measures were performed 30 min post-meal. VAS measures were repeated 30, 90, 120, 150, and 180 min post-meal (60 min ratings omitted due to being in the scanner).
fMRI data acquisition
As previously described 16, 19 , fMRI was performed using a GE 3.0 T MR scanner. A highresolution, T1-weighted 3D anatomical scan was acquired for each participant, after which functional images were acquired with an echo-planar gradient-echo T2* blood oxygenation level dependent (BOLD) imaging contrast technique, with the following parameters: TR=2000 ms, TE=30 ms, 64 2 matrix, 240 mm 2 FOV, 27 axial slices angled parallel to the planum sphenoidale, 2.6 mm thick, 1.4 mm gap. An inversion-recovery echo-planar image (IR-EPI; TI=505 ms) volume was acquired to improve coregistration between the echoplanar images and gray matter templates used in preprocessing. Head motion was minimized with a VacFix head-conforming vacuum cushion (Par Scientific A/S, Odense, Denmark).
Functional imaging was performed while participants viewed visual stimuli using a projector and screen system. Previously validated visual stimuli consisted of three categories: nonfood-related objects (e.g., animals, trees, furniture), foods of high hedonic value (e.g., chocolate cake, eggs and bacon, pizza), and foods of neutral hedonic value (e.g., bagels, fruit, cereal). High vs. neutral hedonic value was determined in a previous study in which participants rated the images for "food appeal" 24 . Those in the top food appeal tertile were selected as "high hedonic," with those in the bottom tertile selected as "neutral." To reduce habituation potential, different but similar images were used in each scanning session (fasted and fed). The primary analysis compared foods of high hedonic value to those of neutral hedonic value. A secondary analysis compared all foods (hedonic and neutral) to non-food objects. Two runs were performed, each consisting of a pseudo-randomized block design with 6 blocks of pictures of each category. Seven blocks of a low-level baseline (fixation cross) were also included in each run. Each block consisted of 4 stimuli shown for 4 s each for a total of 16 s per block. Four additional scans were acquired at the beginning of each run to minimize saturation effects. Subjects were asked to lie quietly while viewing images.
Data analyses
fMRI data were preprocessed and analyzed using SPM8 (Wellcome Dept. of Imaging Neuroscience, London, UK), as previously described 16, 19 . Functional data were realigned to the first echo-planar image, normalized to the Montreal Neurological Institute (MNI) EPI template, using the gray-matter-segmented IR-EPI as an intermediate to improve registration, and smoothed with a 6 mm full width at half maximum (FWHM) Gaussian kernel. Movement parameters derived from the realignment procedure were included in the model to reduce effects of residual motion-related noise. The hemodynamic response was modeled with a double gamma function, without temporal derivatives, using the general linear model in SPM8. A 128 s high pass filter was applied to remove low-frequency fluctuation in the BOLD signal. To account for within-group and within-subject variance, a random effects analysis was implemented. Parameter estimates for each individual's firstlevel analysis (SPM contrast images) contrasting hedonic to neutral food cues were entered into second-level repeated measures ANOVA. For a secondary analysis, all food cues (hedonic and neutral) were contrasted to non-food objects. The main group comparison was sex (women vs. men), with obesity-propensity group comparisons (OR vs. OP) as a secondary aim. These were evaluated using directional contrasts (SPM t-contrasts) in a full factorial model. A priori regions of interest (ROIs; insula, nucleus accumbens, dlPFC, ACC, and fusiform gyrus) were selected as those consistently observed to be involved in visual food cue processing 7, [25] [26] [27] and based on previous findings of sex-based differences in neuronal response to visual food cues [9] [10] [11] [12] [13] . ROIs were anatomically defined using the WFU Pickatlas toolbox (http://fmri.wfubmc.edu/software/PickAtlas) and examined using the MarsBaR toolbox (http://marsbar.sourceforge.net/) in SPM. For each ROI, one value was extracted (mean across all values in the ROI). Results were corrected for multiple comparisons by increasing the statistical significance threshold to p=0.01, reflecting a Bonferroni correction for an alpha of 0.05 (five ROIs were examined).
Analyses of behavioral and body composition measures were performed with SPSS 24 (IBM Corp., Armonk, NY). Total area under the curve for appetite VAS ratings using all post-meal time points was used. A general linear model in SPSS assessed effects of sex (women vs. men), group (OR vs. OP), and sex by group interactions, with alpha=0.05. For correlations between fMRI and behavioral/body composition data, regression analyses were performed in SPSS, using the peak fMRI signal extracted from each ROI.
Results
Behavioral and body composition measures
Main effects of sex were observed for BMI, lean body mass, and percent body fat, with BMI and lean body mass greater in men and percent body fat greater in women (see Table 1 ). As previously reported, group effects were observed for BMI, fat mass, and percent body fat, such that all were significantly greater in OP compared to OR 16, 28 . OP also had significantly greater lean body mass compared to OR.
No significant effects of sex were observed for appetite or food-related measures (see Table  2 ). As previously reported, significant effects of group on all TFEQ subscales were observed, with greater restraint, disinhibition, and hunger ratings in OP compared to OR 28 .
fMRI
In the fasted state, a significant effect of sex on the response to hedonic compared to neutral foods was observed, with a greater response in women than men in the nucleus accumbens (p=0.0002) and insula (p=0.010), as shown in Figure 1 . A trend in this direction was observed in the ACC (p=0.039), but did not survive multiple comparison correction. Sex differences in response to hedonic vs. neutral foods were not observed in the fed state. No significant group effects (OP vs. OR) or sex by group interactions were observed when comparing hedonic to neutral foods in fasted or fed states.
When comparing all foods (hedonic plus neutral foods) to non-food objects, no significant sex effects were observed in either fasted or fed states. No significant effects of group were observed in the fasted state, but in the fed state, response to foods vs. non-food objects was greater in OP compared to OR in dlPFC (p<0.001), ACC (p=0.005), and insula (p=0.008). A significant interaction between group and sex in the nucleus accumbens (p=0.005) in the fed state food vs. object comparison was also observed, such that although there were no OP vs. OR differences in women, greater nucleus accumbens response was observed in OP vs. OR men (p=0.009). Although there was no significant sex by group interaction in these regions (p>0.05), a greater OP vs. OR response was also observed in men only for ACC (p=0.009) and marginally for insula (p=0.018). Greater dlPFC response in OP vs. OR was observed for men (p=0.008) and marginally for women (p=0.017).
Correlations between fMRI and behavioral/body composition measures
A significant correlation between nucleus accumbens response to hedonic > neutral foods in the fasted state and percent body fat was observed, with greater response associated with greater percent body fat, r=0.40, p=0.003. However, when sex was included as a covariate, the correlation between response and body fat was no longer observed. Similarly, significant correlations were observed between insula response to hedonic > neutral foods in the fasted state and both percent body fat (r=0.30, p=0.030) and lean body mass (r=−0.29, p=0.035).
As in the nucleus accumbens, these associations were not observed when sex was included as a covariate, suggesting that the observed correlations between brain response and body fat/lean body mass were driven by sex-based differences.
Discussion
Sex-based differences in neuronal responses to hedonic compared to neutral foods were observed in the fasted state, with greater responses in women compared to men in the nucleus accumbens and insula. Given the prominent roles of these regions in reward processing related to food 8, 29, 30 , study results could indicate that women are more sensitive to salient and rewarding aspects of hedonic foods than men when fasted, potentially indicating sex-dependent neurophysiology underlying eating behaviors. Previous studies have found that nucleus accumbens response to visual food cues relates to subsequent snack food consumption 31 . Greater nucleus accumbens response to food cues has also been associated with subsequent weight gain in women 32 and less success in a weight-loss program 27 . Greater insula response to food cues has also been found to predict reduced weight-loss success 27 .
In the fed state, sex differences were not observed, suggesting that this hyper-responsivity is specific to the fasted state. This corresponds to previous findings that fasting enhances food image valence for women, but not men 33 . It has been suggested that this may reflect greater sensitivity to hunger state in women, with men having greater internal food representation stability 33 . Furthermore, although fasted sex-based differences (women > men) were observed when comparing hedonic to neutral foods, this was not observed for the foods vs. objects comparison, i.e., this was specific to the more distinct comparison of hedonic to neutral foods, rather than foods as a whole. This may suggest that while both men and women are similarly responsive to food vs. objects in general, when fasted, women may find hedonic foods specifically to be more rewarding than men. Hormonal differences between men and women may relate to these effects, as gonadal hormones have been implicated in nucleus accumbens activity modulation 34 . For example, estrogen signaling at beta estrogen receptors in the brain is thought to be relevant to hedonic eating, with studies finding evidence of dense beta estrogen receptor distribution in the nucleus accumbens 30 . However, behavioral effects of centrally-acting gonadal hormones, and how they relate to obesity propensity, are not yet fully understood. For example, estrogen plays an important role in the central regulation of food intake, energy expenditure, fat distribution, and is thought to be associated with weight gain, particularly during menopause, but underlying mechanisms are still unclear 35, 36 . No OP vs. OR differences in the response to hedonic vs. neutral foods were observed, nor were interactions between group and sex, suggesting that women as a whole may be more sensitive to rewarding aspects of food in the fasted state, regardless of weight gain propensity.
These findings are consistent with previous observations of greater insula response to visual food cues in a neutral hunger state (1 hour post-prandial) in women compared to men 9 . Previous studies have also found greater fasted response to visual food cues in women compared to men in other ROIs included in the current study, specifically the dlPFC 12 and fusiform gyrus [10] [11] [12] . Additionally, studies have observed greater fed state responses in women compared to men in the ACC 11 and in men compared to women in the fusiform gyrus 11 , while others have observed no sex-based differences in neuronal response to food cues 37, 38 . A number of factors may contribute to differences between previous and current findings. An important consideration is menstrual cycle phase, which was controlled in the current study. To the best of our knowledge, our previous investigation of sex-based differences in fasted normal-weight individuals is the only other study of sex-based differences in visual food cue responses that has held menstrual cycle phase constant 12 . Differences in neuronal response to visual food cues have been demonstrated in different cycle phases, so this may considerably impact results [39] [40] [41] . Other differences between previous and current findings may be explained by different MR field strengths 11, 13, 37 , which can impact signal-to-noise ratio, inclusion of only lean participants or only participants with overweight/obesity [11] [12] [13] 37 , lack of controlled meal composition and size prior to fed state measurements 13 , different meal administration timing 9, 11, 13, 37 , and lack of a pre-study run-in diet 9, 11, 13, 37, 38 . The inclusion of a four-day eucaloric run-in diet, controlled study meals, and both fasted and fed measurements are strengths of the current study, as is the inclusion of groups varying in obesity propensity.
The secondary aim of the current study was to assess the impact of obesity propensity on sex-based differences in neuronal response to food cues. Although OP vs. OR differences, across sex, were not observed when comparing hedonic to neutral foods, in either fasted or fed states, greater ACC, dlPFC, and insula responses were observed in OP vs. OR when comparing foods to objects while fed. This suggests a continued reward response to foods in OP post-satiation, not observed in OR. A sex by group interaction observed in the nucleus accumbens (fed state, foods > objects) suggests this group difference was driven by the men in the sample, with greater OP vs. OR response in men, but not women. Similar results were observed in the ACC and insula, with greater OP response in men, but not women. This further supports that weight propensity may play a lesser role in food responses in women than in men. While women in the sample had greater percent body fat than men, this does not appear to drive the observed sex-based differences in neuronal responses (i.e., women > men to hedonic foods in nucleus accumbens and insula), as associations between neuronal response and percent body fat were not observed when accounting for sex.
A potential limitation of the current study is that although women were scanned in the same menstrual cycle phase, we did not assess variations in sex-based differences across different menstrual cycle phases. In future studies, assessing women during multiple phases would allow for investigation of how menstrual cycle phase affects sex-based differences in response to food cues. It could also be useful to include gonadal hormone measures to determine how estrogen and testosterone impact food cue responses and how this interacts with sex-based differences. Order of hunger state was not counterbalanced in the current study, which may also be a limitation. Sample sizes in the current study are another potential limitation. As they were not large enough to provide appropriate power for a whole-brain analysis, it is possible that additional regions with sex differences could have been missed with the ROI approach used in the current study. Sample sizes for testing interactions may also have been too small. Also, while the secondary analysis of obesity-proneness aimed to assess effects independent of obesity that make an individual prone to obesity, the multivariate nature of this construct makes it difficult to parse which aspects of obesity proneness (e.g., BMI, genetic propensity, frequency of past dieting behavior, history of weight instability) drive differences in brain response. Additionally, although sex-based differences in dietary restraint were not observed in the current study, this has been observed in previous studies 42 . Given that higher levels of dietary restraint may relate to hyperactive response to food cues in reward-related brain regions 43 , it is possible that sex-based differences in neuronal response to food cues may relate to differences in dietary restraint. Future studies with larger sample sizes can investigate this further.
In conclusion, the current study found sex-based differences (women > men) in the response to hedonic foods while participants were in the fasted state, but not in the fed state. These differences were specific to the more nuanced comparison of hedonic vs. neutral foods and were not present when simply comparing all-foods to non-food objects. These results suggest that women may be more sensitive than men to salient and rewarding aspects of food when fasted. The current findings also suggest that weight gain propensity may have less of an impact on visual food cue responses in women, as response differences were observed between OP and OR men that were not seen for women. This suggests potentially different mechanisms underlying weight gain and maintenance in women compared to men, supporting the use of different weight loss and maintenance strategies. These findings also suggest that neurophysiology underlying obesity propensity may be distinct between the sexes. An approach targeting the neurophysiology underlying food cue responses in obesityprone compared to obesity-resistant men may thus not be appropriate for women, whose reward-related food cue response may have less to do with weight gain propensity. Additional study is warranted to further delineate relationships between sex and neuronal responses to food cues, such as studies with larger sample sizes, which would allow for whole-brain analyses, and studies that can examine neuronal responses in different menstrual cycle phases.
Study Importance Questions
What is already known about this subject?
• Sex-based differences are observed in obesity rates and eating behaviors.
• Previous studies have inconsistently observed sex-based differences in neuronal responses to foods.
What does this study add?
• The current study is the first to investigate if sex-based differences in neuronal responses to food cues are related to the hedonic properties of foods, and if these effects are related to an individual's propensity to obesity.
• Findings suggest women are more sensitive to rewarding aspects of hedonic foods than men, and that obesity propensity has less influence on food cue responses in women compared to men. Table 1 Participant characteristics. Table 2 Appetite and food-related behaviors. 
